Chromatin insulators block the action of transcriptional enhancers when interposed between an enhancer and a promoter. In this study, we examined the role of chromatin loops formed by two unrelated insulators, gypsy and Fab-7, in their enhancer-blocking activity. To test for this activity, we selected the white reporter gene that is activated by the eye-specific enhancer. The results showed that one copy of the gypsy or Fab-7 insulator failed to block the eye enhancer in most of genomic sites, whereas a chromatin loop formed by two gypsy insulators flanking either the eye enhancer or the reporter completely blocked white stimulation by the enhancer. However, strong enhancer blocking was achieved due not only to chromatin loop formation but also to the direct interaction of the gypsy insulator with the eye enhancer, which was confirmed by the 3C assay. In particular, it was observed that Mod(mdg4)-67.2, a component of the gypsy insulator, interacted with the Zeste protein, which is critical for the eye enhancer-white promoter communication. These results suggest that efficient enhancer blocking depends on the combination of two factors: chromatin loop formation by paired insulators, which generates physical constraints for enhancer-promoter communication, and the direct interaction of proteins recruited to an insulator and to the enhancer-promoter pair.
Introduction
The complexity of regulatory systems in higher eukaryotes, featuring many distantly located enhancers that nonetheless properly activate the target, has promoted the hypothesis that the action of enhancers should be restricted by elements called insulators. Initially, insulators were regarded as genomic regulatory elements (nucleoprotein complexes) that have two characteristic properties: they can block the action of an enhancer on a promoter when interposed between them and can protect the transgenes they flank from chromosomal position effects (for reviews, see [1] [2] [3] [4] [5] [6] [7] ). However, recent results of studies on insulators in transgenic Drosophila lines [8] [9] [10] [11] [12] , genome-wide identification of biding sites for insulator proteins by ChIP-on-ChIP and ChIP-seq [13] [14] [15] [16] [17] , analysis of locus architecture by different variants of chromosome conformation capture technology [18] [19] , and genome-wide analysis of interaction between CTCF sites by paired-end tag (PET) approach, ChIA-PET [20] , and Hi-C technique [21, 22] suggest that insulators are mainly involved in organization of longdistance specific interactions between remote genome regions such as enhancers and promoters, different promoters, or multiple regulatory elements.
Well-characterized insulators in Drosophila include the scs and scs' sequences from the 87A heat shock locus [23, 24] ; the Mcp, Fab-7 and Fab-8 insulators from the Abd-B regulatory region [25] [26] [27] [28] [29] ; the SF1 insulator from the Antennapedia complex [30] ; the IdefixU3 insulator [31] ; the Wari insulator located at the 39 side of the white gene [10] ; and the insulator sequences associated with the Su(Hw) protein [32] [33] [34] [35] [36] . Today, there are two basic models explaining how insulators block the activity of enhancers [1, 2, 4, 6, 37] . The decoy model suggests that the insulator complex binds to an enhancer or a promoter complex to neutralize it or traps its vital component(s). The alternative model suggests that the interaction between insulators results in the formation of chromatin loops that constrain interaction between an enhancer and a promoter located on the opposite sides of the insulator. The latter model is indirectly supported by the ability of the insulators to specifically interact over large distances [11, 12, [20] [21] [22] [38] [39] [40] . However, there are only a few pieces of indirect experimental evidence supporting the model that a loop formed by interacting insulators is essential for enhancer blocking [41] [42] [43] [44] [45] [46] . Bondarenko et al. (2003) used a bacterial enhancerpromoter pair and a pair of lac operators (lacO) that mimicked eukaryotic insulators [42, 43] . It was shown in an in vitro transcription assay that the enhancer action was blocked when the interacting lacO copies formed two closed loops, one with the enhancer and the other with the promoter. This finding suggests that if DNA looping alone is sufficient to suppress the enhancer activity in an in vitro model system, it may as well play an important role in eukaryotic cells. Ameres et al. (2005) examined the expression of a reporter gene in HeLa cells transfected with the plasmid in which the SV40 enhancer was placed downstream of the reporter gene [41] . The SV40 enhancer was flanked by two boxes, each consisting of seven repeats of the tetR element. When the chimeric protein consisting of the tetR protein and a dimerization domain bound to tetR elements, the dimerized proteins formed a 344-bp chromatin loop containing the SV40 enhancer. As a result, this enhancer was blocked, with consequent reduction of the reporter gene expression, which suggested a role for the loop in preventing the interaction between the SV40 enhancer and the promoter. However, alternative mechanisms of SV40 enhancer blocking cannot be excluded. For example, the small chromatin loop may interfere with proper binding of transcription factors to the enhancer. In the study by Hou et al. (2008) , a CTCF-dependent insulator ectopically inserted between the beta-globin locus control region (LCR) and downstream genes was found to function as an enhancer blocker and form an aberrant loop with the endogenous CTCF region located upstream of the LCR [46] . However, these authors did not perform experiments to show that the ectopic insulator could not block LCR in the absence of the loop formation with the endogenous insulator and, therefore, failed to obtain direct evidence for the role of chromatin loop formation in enhancer blocking.
For this reason, we established a Drosophila transgenic model system in order to test whether isolation of either an enhancer or the reporter white gene in a loop formed by gypsy or Fab-7 insulators can block the enhancer-promoter communication.
The gypsy insulator, the strongest and the best studied in Drosophila, contains 12 consecutive degenerate direct repeats of the binding motif for the zinc-finger protein Su(Hw), which is indispensable for the insulator function [32, 33] . The Su(Hw) protein also associates with hundreds of non-gypsy regions that do not contain clustered Su(Hw)-binding sites, with the vast majority of them carrying a single copy of the corresponding sequence [13, 14, 36] . Su(Hw) interacts with three other components of the gypsy insulator, Mod(mdg4)-67.2 [47, 48] , CP190 [49] , and E(y)2 [50] . Based on the results of genetic interactions, it has been suggested that Mod(mdg4)-67.2 and CP190 are essential for the enhancer-blocking activity of Su(Hw) insulators. Mod(mdg4)-67.2 interacts with Su(Hw) through its carboxy-terminal domain [47, 48, 51] . The BTB domain is located at the N-terminus of Mod(mdg4)-67.2 and mediates homo-multimerization [52] . There are many evidences of functional distant interactions between the gypsy insulators [9, 11, 53] , which were recently confirmed by the 3C method [54] .
Among insulators found in the regulatory region of Abd-B, the best characterized is Fab-7 located between the iab-6 and iab-7 cis-regulatory domains [55] . Mutations that inactivate Fab-7 lead to the fusion of the iab-6 and iab-7 domains, and this disrupts the specification of PS11 [56] [57] [58] . Previously we found that interaction between paired two copies of the Fab-7 insulator can support long-distance enhancer-promoter interactions [59] . It was also found that Fab-7 insulators, similar to gypsy insulators [11] , can support interactions across several megabases [12] .
In previous studies [9, 28, 33, 45, 59, [60] [61] [62] , the activities of gypsy and Fab-7 insulators were mainly tested in transgenic lines with the yellow and white genes as reporters that allowed changes in gene expression to be assayed by simple phenotypic analysis. It was found that one copy of the gypsy insulator completely blocked the communication between the yellow enhancers and the promoter [33, 60, 62] . Genetic studies on transgenic lines carrying different mutations in the yellow promoter suggested that the gypsy insulator directly interacted with the yellow promoter [63] . Placing the yellow enhancers in a 10-kb chromatin loop formed by the gypsy insulators led to neutralization of enhancer blocking [62] , providing evidence against the role of a chromatin loop formed by the insulators in enhancer blocking.
Therefore, we used the white model system to test the role of the chromatin loop in the enhancer-blocking activity of the gypsy and Fab-7 insulators. Recently we found that the white gene contains the insulator, named Wari, located downstream of the polyadenylation signal [10] . This insulator can interact equally well with another copy of Wari and with unrelated Su(Hw) insulators [9, 10] . It was shown that the interaction between the Wari and gypsy insulators strongly improves enhancer blocking. To test whether a single copy of gypsy or Fab-7 insulator can block the eye enhancer, we deleted the Wari insulator from the white gene.
We found that one copy of the gypsy or Fab-7 insulator failed to affect the eye enhancer activity in most of the transgenic lines tested. At the same time, the insertion of two gypsy insulators on both sides of the eye enhancer or the white gene completely blocked the enhancer-promoter communication in all transgenic lines. In contrast, flanking the eye enhancer by Fab-7 insulators only slightly contributed to the blocking of enhancer-promoter communication. Such a difference in the ability to block the eye enhancer between the pairs of gypsy and Fab-7 insulators is explained by the finding that the gypsy insulator can directly interact with the enhancer. In particular, Mod(mdg4)-67.2 interacts with Zeste and can interfere with its activity in supporting enhancer-promoter communication at the white gene.
Author Summary
The mechanism underlying enhancer blocking by insulators is unclear. Current models suggest that insulator proteins block enhancers either by formation of chromatin loops or by direct interaction with protein complexes bound to the enhancers and promoters. Here, we tested the role of a chromatin loop in blocking the activity of two Drosophila insulators, gypsy and Fab-7. Both insulators failed to effectively block the interaction between the eye enhancer and the white promoter at most of genomic sites. Insertion of an additional gypsy copy either upstream of the eye enhancer or downstream from the white gene led to complete blocking of the enhancer-promoter communication. In contrast, flanking of the eye enhancer by Fab-7 insulators only weakly improved enhancer blocking. Such a difference in enhancer blocking may be explained by finding that Mod(mdg4)-67.2, a component of gypsy insulator, directly interacts with the Zeste protein, which is critical for enhancer-promoter communication in the white gene.
Results
The gypsy insulator fails to block the eye enhancer in more than 70% of transgenic lines To establish a model system for testing the role of a chromatin loop in insulation, we used the white reporter gene that is stimulated by a tissue-specific enhancer in the eyes. The level of eye pigmentation is a sensitive indicator of the amount of white transcription. To test the enhancer-blocking activity of one copy of the gypsy insulator in different genomic positions, we deleted the Wari insulator from the white gene (W D ). The gypsy insulator flanked by lox sites was inserted between the eye enhancer flanked by frt sites and the white gene ( Figure 1A ). Parentheses in construct designations and short downward arrows in the schemes indicate the elements flanked by lox or frt sites for in vivo excision by crossing, as outlined in Materials and Methods. Such excisions are denoted by ''D'' in the primary (expression) data. Comparing eye phenotypes in the transgenic lines before and after deletion of either the eye enhancer or the gypsy insulator allowed estimation of their contribution to white expression. Since it was shown [64] that the eye enhancer can initiate transcription in the direct orientation, we inserted the eye enhancer in either direct (Ee) or reverse orientation (Ee R ). In Figure 1 , we combined the results obtained with transgenic lines carrying both constructs, because they displayed a similar range of phenotypes.
In 22 out of 34 transgenic lines, males heterozygous for the construct had high levels of eye pigmentation (from brown to brown-red) that decreased significantly after deletion of the eye enhancer ( Figures 1A, 2A) . These results suggest that the eye enhancer can stimulate white expression across the gypsy insulator. Moreover, deletion of the gypsy insulator slightly changed eye pigmentation in only 3 out of 22 tested lines, indicating that gypsy failed to block the eye enhancer. To test for the functional role of Zeste in white stimulation by the eye enhancer, we crossed the transgenic lines into the background of z v77h , a null mutation of the zeste gene [65] . As a result, we observed that z v77h strongly reduced eye pigmentation to the same level as did the deletion of the eye enhancer ( Figure 1A ), indicating that Zeste is critical for the eye enhancer activity. After deletion of the gypsy insulator, z v77h still reduced white expression in transgenic lines ( Figure S1A ). However, z v77h did not influence white phenotypes in transgenic lines carrying derivative constructs with the deleted eye enhancer. These results suggest that Zeste is essential for the eye enhancer activity even when it is located close to the white promoter.
Four transgenic lines had yellow eyes that did not change in color after deletion of the gypsy insulator, indicating that the eye enhancer was inactive in these lines (data not shown). In the remaining eight lines (Figure 1B) , the deletion of gypsy led to change in eye color from yellow to brown, suggesting that this insulator could effectively block the enhancer-promoter communication. Thus, the gypsy insulator proved to block the eye enhancer in only 8 out of 30 transgenic lines (27%).
Next, we examined eye color in flies of 19 homozygous transgenic lines in which the gypsy insulator failed to block the eye enhancer ( Figure 1C ). Unexpectedly, we found that flies carrying the homozygous transgene had lighter eyes than flies with the heterozygous transgene ( Figures 1C, 2B ). The deletion of the eye enhancer did not change eye pigmentation in lines homozygous for the transgene, indicating that the gypsy insulator completely blocked the eye enhancer in these lines.
Taken together, these results suggest that one copy of the gypsy insulator failed to block the eye enhancer-white promoter communication in more than 70% of the transgenic lines.
However, pairing between the gypsy insulators located on homologous chromosomes restricted the eye enhancer activity.
Fab-7 has a weak enhancer-blocking activity in most genomic sites of transgene insertion As a second model insulator, we selected the well-described Fab-7 insulator that supports specific long-distance interactions [12] . As shown in previous experiments with transgenic lines carrying constructs with the 1.2-kb Fab-7 insulator inserted between the eye enhancer and the white promoter, flies in approximately half of these lines had relatively light eyes indicating effective blocking of the eye enhancer by the Fab-7 insulator [25, 61] . However, it was not proved that the eye enhancer was functional in these lines, Figure 1 . Testing the enhancer-blocking activity of the gypsy insulator in one copy. Transgenic lines were grouped into those in which the gypsy insulator displayed (A) weak or (B) strong enhancerblocking activity. (C) Homozygous transgenic lines in which the gypsy insulator displayed a weak enhancer-blocking activity. In the reductive scheme of the transgenic construct used in the assay, the white gene is shown as white box with an arrow indicating the direction of transcription; the triangle indicates deletion of the Wari insulator located at the 39 end of the white gene; downward arrows indicate target sites for Flp recombinase (frt) or Cre recombinase (lox); the same sites in construct names are denoted by parentheses; the eye enhancer (E) is shown as white rectangle; the direction of the gypsy insulator (Gy) is indicated by the apex of the pentagon. The numbers of transgenic lines with different levels of white pigmentation in the eyes are indicated. Arrows indicate the excision of an element to produce the derivative transgenic lines. Wild-type white expression determined the bright red eye color (R); in the absence of white expression, the eyes were white (W). Intermediate levels of pigmentation, with the eye color ranging from pale yellow (pY), through yellow (Y), dark yellow (dY), orange (Or), dark orange (dOr), and brown (Br) to brownish red (BrR), reflect the increasing levels of white expression. N is the number of lines in which flies acquired a new eye color phenotype by deletion (D) of the specified DNA fragment; T is the total number of lines examined for each particular construct. z since the Wari insulator located at the 39 end of the white gene could also improve the activity of Fab-7.
For these reasons, we again tested the enhancer-blocking ability of one Fab-7 copy in the construct where it was flanked by lox sites and inserted between the eye enhancer (flanked by frt sites) and the white gene ( Figure 3 ). In 14 transgenic lines, flies had extensive eye pigmentation ranging from dark orange to brown ( Figure 3A) . Deletion of the Fab-7 insulator resulted in a slight enhancement of pigmentation in 9 out of 14 transgenic lines, suggesting that Fab-7 functioned as a weak enhancer blocker in these transgenic lines. As in the case of transgenic lines carrying the gypsy insulator, the deletion of the eye enhancer and crossing into the z v77h mutant background reduced eye pigmentation in flies to the same extent ( Figure 3A , S1B), suggesting a key role for Zeste in the eye enhancer activity and its ability to bypass the Fab-7 insulator.
Flies of the remaining 10 transgenic lines had yellow eyes. When the Fab-7 insulator was deleted, eye pigmentation was restored in only four lines ( Figure 3B ), suggesting that the eye enhancer in other six lines was inactive (data not shown). Thus, the Fab-7 insulator could effectively block the eye enhancer in only 4 out of 18 transgenic lines (22%) carrying the transgene with the functional eye enhancer.
We then examined eye pigmentation in transgenic lines homozygous for the construct ( Figure 3C ) in which the Fab-7 insulator displayed a weak enhancer-blocking activity. In all these lines, flies had darker eye color, compared to the lines heterozygous for the construct, suggesting that the Fab-7 insulator failed to effectively block the eye enhancer when the construct was in the homozygous state.
Taken together, these results indicate that the Fab-7 insulator can only weakly affect the activity of the eye enhancer in most of genomic positions. Both Fab-7 and gypsy insulators can effectively block the eye enhancer in approximately one-fourth of transgenic lines. In contrast to the gypsy insulator, the pairing of two Fab-7 insulators located on homologous chromosomes failed to improve the eye enhancer blocking.
Role of pairing between two identical insulators, gypsy or Fab-7, flanking the eye enhancer in blocking its activity Since one copy of the gypsy or Fab-7 insulator in most insertion sites of the transgenes failed to block the eye enhancer, we decided to test if the eye enhancer placed between two insulators would improve the efficiency of blocking. For this purpose, we made constructs where the eye enhancer was flanked by a pair of gypsy insulators ( Figure 4A ) or Fab-7 insulators ( Figure 4B ) inserted in opposite orientations. In both cases, the insulator located upstream of the eye enhancer was flanked by lox sites, which allowed us to assess its role in blocking the eye enhancer.
In all 11 transgenic lines carrying the construct with two gypsy insulators ( Figure 4A ), flies had eye pigmentation in the range from pale yellow to orange, indicating that the eye enhancer activity was strongly suppressed. Deletion of the eye enhancer resulted in a slight reduction of pigmentation in only 2 out of 11 lines, providing evidence that the eye enhancer was strongly blocked in all these lines. Deletion of the upstream insulator restored eye pigmentation in 10 transgenic lines ( Figure 4A ), while subsequent deletion of the eye enhancer reduced it to the initial level (data not shown). These results showed that two copies of the gypsy insulator flanking the eye enhancer completely blocked its activity.
In transgenic lines carrying the construct with two Fab-7 insulators ( Figure 4B ), we observed a wide range of eye phenotypes, from brown-red to yellow. Deletion of the eye enhancer resulted in reduction of pigmentation in 10 out of 11 transgenic lines, showing that two Fab-7 insulators failed to effectively block the eye enhancer. However, the deletion of the upstream insulator provided for slight intensification of eye pigmentation in 8 out of 11 transgenic lines, suggesting that the interaction between the Fab-7 insulators could contribute to enhancer blocking. To test whether two different insulators can cooperate in blocking the eye enhancer, we made the construct that contained one Fab-7 insulator flanked by lox sites inserted upstream of the eye enhancer and one gypsy insulator placed between the eye enhancer flanked by frt sites and the promoter ( Figure 4C ). We obtained eight transgenic lines that displayed high levels of eye pigmentation. Deletion of the eye enhancer strongly reduced eye pigmentation, while deletion of the Fab-7 insulator did not have any effect on eye color in any of the lines tested. This is evidence that the Fab-7 and gypsy insulators do not functionally interact in blocking the eye enhancer.
Enhancer-blocking activity depends on the position of the eye enhancer in the insulator loop and on the relative orientation of interacting gypsy insulators
In transgenic lines described in Figure 4 , the eye enhancer was tightly flanked by the gypsy insulators. Therefore, the putative insulator loop was probably quite small, and chromatin could be wound into a ''tight knot'' with consequent conformational and/or steric hindrances to the enhancer function. To test whether an increase in the distance between the gypsy insulators flanking the eye enhancer can restore enhancer-promoter communication at the white gene, we inserted the frt-flanked eye enhancer in the center of a 4.3-kb fragment bordered by the gypsy insulators in either the opposite ( Figure 5A ) or the same orientation ( Figure 5B ). The upstream gypsy insulator was flanked by lox sites.
In both series of transgenic lines, flies had eye pigmentation in a dark-yellow to pale-yellow range. The deletion of the eye enhancer slightly reduced eye pigmentation in 7 out of 13 transgenic lines. The deletion of the upstream gypsy insulator restored eye pigmentation in all 13 transgenic lines, indicating that one copy of the gypsy insulator failed to block the eye enhancer. These results showed that a 5.2-kb loop (4.3-kb DNA fragment and 0.9-kb frtflanked eye enhancer) formed by the gypsy insulators allowed blocking of the eye enhancer located in the center of the loop. Importantly, the enhancer blocking did not depend on the relative orientation of the gypsy insulators.
In all the above constructs, the white promoter was located in close proximity to one of the insulators that formed the chromatin loop around the eye enhancer. In such configuration of the regulatory elements, the promoter might be unable to interact with the eye enhancer due to steric hindrances. To test for the role of distance between the white promoter and the insulator loop in this process, we modified the construct shown in Figure 5A by inserting an additional 2-kb DNA fragment between the gypsy insulator and the white promoter ( Figure 5C ). Once again, the interacting gypsy insulators effectively blocked the eye enhancer in most of transgenic lines, while one copy of the insulator had no enhancer-blocking activity.
In the next series of experiments, we tried to test whether the relative orientation of the gypsy insulators is important for the enhancer blocking when the eye enhancer is located in close proximity to the insulator inside the loop. For this purpose, we inserted the frt-flanked eye enhancer in close proximity to the upstream gypsy insulator. As a result, the eye enhancer was inside the 5.5-kb loop formed by the insulators located in either the opposite ( Figure 5D ) or the same orientation ( Figure 5E ).
In lines carrying the transgene with gypsy insulators in opposite orientations, flies had eye pigmentation ranging from dark yellow to pale yellow, which remained unchanged after the deletion of the eye enhancer. Thus, in such configuration of regulatory elements, gypsy insulators completely blocked the eye enhancer. The deletion of the proximal gypsy insulator restored the enhancer activity, suggesting that the interaction between the insulators was critical for blocking the eye enhancer. Interestingly, when the insulators were in the same orientation, flies had brown eyes and the deletion of the enhancer strongly reduced eye pigmentation, which was indicative of a role for the enhancer in stimulating of the white expression. The deletion of the proximal insulator also slightly reduced eye pigmentation in half of the transgenic lines. Thus, the gypsy insulators located in the same orientation allow the interaction between the eye enhancer located within the loop and the white promoter located outside the loop.
Addition of the gypsy insulator downstream of the white gene improves the enhancer-blocking activity of the upstream insulator and potentiates promoter activity Next, we tested if placing gypsy insulators on both sides of the white gene would also lead to the improvement of enhancerblocking activity. In two constructs, one frt-flanked gypsy insulator was inserted downstream of the white gene, and the other, loxflanked gypsy insulator was inserted between the eye enhancer and the promoter in either the opposite ( Figure 6A ) or the same orientation ( Figure 6B ). As a result, the eye enhancer was located upstream of the chromatin domain formed by two gypsy insulators bordering the white gene.
When the gypsy insulators were in opposite orientations, the activity of the eye enhancer was almost completely blocked ( Figure 6A ): flies in 11 transgenic lines had eye pigmentation in the range from orange to yellow. As Zeste is essential for the eye enhancer activity, we regarded the eye phenotype in the z v77h background as resulting from deletion of the eye enhancer. Crossing transgenic lines into the mutant z v77h background only weakly diminished eye pigmentation in 5 out of 11 lines ( Figure 6A ), confirming that the eye enhancer was inactive. At the same time, the deletion of the downstream gypsy insulator restored white expression, suggesting that the interaction between the gypsy insulators is critical for enhancer blocking. When the gypsy insulators were inserted in the same orientation ( Figure 6B ), flies displayed higher levels of eye pigmentation. Crossing the transgenes into the z v77h background significantly reduced eye pigmentation in all test lines, indicating that the eye enhancer was partially active. Therefore, when the gypsy insulators had the same orientation, their enhancer-blocking potential was reduced.
To test if the distance between the chromatin domain formed by insulators bordering the white gene and the eye enhancer is important for insulation, we inserted a 4.6-kb DNA fragment between the eye enhancer and the proximal gypsy insulator ( Figure 6C ). The gypsy insulators were placed in opposite orientations. In 14 transgenic lines, flies displayed a wide range of eye colors, from brown-red to yellow. The z v77h mutation reduced eye pigmentation in 11 out of 14 lines; i.e., the eye enhancer could stimulate transcription in most of the lines. Thus, an increase in the distance between the eye enhancer and the chromatin domain formed by the gypsy insulators diminished the insulating effect of the loop.
Next, we inserted the 4.6-kb fragment between the gypsy insulator and the white promoter ( Figure 6D ) so that the eye enhancer was near the upstream insulator. As a result, the white promoter was in the center of the chromatin domain formed by the gypsy insulators inserted in opposite orientations. Once again, we found that the eye enhancer was partially active in all transgenic lines, indicating that the distance between the enhancer or promoter and the gypsy insulator is important for blocking activity.
Comparisons of eye phenotypes in all derivative transgenic lines before and after deletion of the gypsy insulator located on the 39 side of the white gene ( Figures 6A, 6C, 6D) showed that the downstream gypsy insulator effectively stimulated white expression. Thus, the gypsy insulator placed at the end of the white gene can potentiate the white promoter activity.
Mod(mdg4)-67.2 is required for blocking of the eye enhancer by paired gypsy insulators
According to FlyBase data, the su(Hw) gene is weakly expressed in the eyes of adult flies. Therefore, the level of the Su(Hw) protein is also low, which may account for the inability of a single copy of the gypsy insulator to block the eye enhancer. To test this possibility, we produced three transgenic lines carrying the su(Hw) gene under control of the hsp70 promoter ( Figure S2A ). The elevated level of Su(Hw) had no effect on eye pigmentation in transgenic lines with either one or two gypsy insulators (Figures 7,  S3 ) suggesting that the concentration of this protein is not critical for eye enhancer blocking by the gypsy insulator. Further stimulation of Su(Hw) expression by heat shock (Figure 7, S3) also had no effect on eye pigmentation in any of transgenic lines.
Thus, overexpression of Su(Hw) failed to provide for eye enhancer blocking by one copy of the gypsy insulator.
Next, we examined the role of Su(Hw) and Mod(mdg4)-67.2 proteins in blocking the eye enhancer by two copies of the gypsy insulator. To test Su(Hw), we used the su(Hw) v /su(Hw) 2 combination of mutations that significantly reduced the amount of the Su(Hw) protein [66, 67] . In the su(Hw) v /su(Hw) 2 background, eye pigmentation was restored to the same level as after deletion of the gypsy insulator, indicating that Su(Hw) is critical for insulation (data not shown).
In the mod(mdg4) u1 and mod(mdg4) T6 mutations, the truncated Mod(mdg4)-67.2 with deleted C-terminal domain partially lost its functional activity [47, 68] . Both mutations significantly but not completely restored eye pigmentation in the transgenic lines carrying two copies of the gypsy insulator (Figures 7, S3) , suggesting a role for Mod(mdg4)-67.2 in blocking the eye enhancer.
To further test the role of the insulator proteins, we examined the effect of the mod(mdg4) u1 mutation in combination with overexpression of the Su(Hw) protein (Figure 7, S3 ). The hsp70su(Hw) transgene did not affect white expression in the mod(mgd4) mutant background in any of transgenic lines, suggesting that a moderate increase in the amount of Su(Hw) is insufficient for counterbalancing Mod(mdg4)-67.2 inactivation. However, strong overexpression of Su(Hw) after induction by heat shock proved to partially restore enhancer blocking by paired gypsy insulators suppressed by the mod(mdg4) u1 and mod(mdg4) T6 mutations (Figure 7, S3) .
Previously it was found that, in the mod(mdg4) mutant background, the gypsy insulator directly repressed the yellow promoter in pupae [68] and the white promoter in embryos [69] . Therefore, overexpression of Su(Hw) in the mod(mdg4) mutant background could possibly lead to direct repression of the white promoter. However, induction of Su(Hw) expression by heat shock had no effect on eye pigmentation in flies carrying one copy of the gypsy insulator in the mod(mdg4) mutant background ( Figure 7 ). Thus, a high level of Su(Hw) did not induce direct repression of the white promoter. These results suggest that Mod(mdg4)-67.2 is required for blocking the eye enhancer by paired gypsy insulator and that overexpression of Su(Hw) can partially compensate for inactivation of Mod(mdg4)-67.2 in the mod(mdg4) mutations.
Interestingly, a similar result was obtained with the ct 6 mutation, a classical model for testing the activity of the gypsy insulator. In the ct 6 allele, a gypsy element is inserted close to and completely blocks a wing margin enhancer located about 85 kb upstream of the cut promoter [47] , producing a cut wing phenotype ( Figure S2B ). The mod(mdg4) u1 mutation almost completely suppressed the ct 6 mutant phenotype, suggesting that Mod(mdg4)-67.2 is essential for blocking the wing enhancer. Overexpression of Su(Hw) in the mod(mdg4) mutant background partially rescued the blocking of the wing enhancer, resulting in an intermediate cut wing phenotype. Thus, a high level of Su(Hw) can partially counterbalance the negative influence of the mod(mdg4) u1 mutation on insulation. This is also supported by the previous observation that overexpression of Su(Hw) partially restored y 2 expression in bristles that was repressed in the mod(mdg4) u1 background [70] . Finally, we tested whether Mod(mdg)-67.2 is essential for the ability of the distal gypsy insulator located on the 39 side of the gene to stimulate white expression. We examined six transgenic lines (described in Figure 6 ) carrying only the distal gypsy insulator and the eye enhancer located either close to the white promoter ( Figure  S4 A) or at a distance of 4 kb from it (Figure S4 B, C) . The results showed that deletion of the gypsy insulator reduced white expression in all cases, while its reduction in mod(mdg4) u1 mutants was relatively weak. Thus, Mod(mdg4)-67.2 proved to be essential but not critical for the ability of the gypsy insulator to stimulate white expression from a distance.
The gypsy insulator directly interacts with the eye enhancer in vivo
The ability of the gypsy insulator located on the 39 side of the white gene to stimulate its expression suggested that the insulator may directly interact with the white regulatory regions. To test this possibility, we used the 3C assay to examine long-distance interactions in pupae from a transgenic line homozygous for the construct shown in Figure 6D . In this transgene (Figure 8A ), the eye enhancer was isolated by the proximal gypsy insulator located at 4.6 kb from the white promoter, while the distal gypsy insulator was inserted downstream of the white gene. We examined the original transgenic line and two derivatives carrying either the distal gypsy insulator or no insulators. We also tested the role of the mod(mdg4) u1 mutation in the interaction between the distal gypsy insulator and the regulatory regions of the white gene.
Using anchors at the eye enhancer, the white promoter, and the distal gypsy insulator, we observed strong interaction between the gypsy insulators ( Figure 8B ). The interaction between the eye enhancer and the promoter was reduced, correlating with the low level of white expression in the transgenic line carrying two copies of the gypsy insulator. After deletion of the proximal gypsy copy, the enhancer-promoter interaction was considerably increased, and this was accompanied by stimulation of white expression by the enhancer in the derivative transgenic line. Thus, the interaction between two gypsy insulators partially blocked the eye enhancer.
When the distal insulator alone was present in the transgene, this insulator interacted with the promoter and the eye enhancer. The mod(mdg4) u1 mutation did not significantly affect these interactions. In the absence of distal gypsy insulators, no interactions were found between the regulatory regions and the 39 side of the white gene, confirming that the gypsy insulator is essential for the observed contacts. In correlation with the observed interactions, deletion of the distal insulator, but not introduction of the mod(mdg4) u1 mutation, strongly reduced white expression. These results support the model that the gypsy insulator directly interacts with the white enhancer/promoter and stimulates its basal activity.
To further verify the ability of the gypsy insulator to interact with the white regulatory elements, we used chromatin immunoprecipitation (ChIP) assay to analyze binding of the insulator proteins Su(Hw), E(y)2, CP190, and Mod(mdg4)-67.2 to several sites in the promoter, enhancer and insulator regions in pupae from the same transgenic line and its derivatives (Figure 9 ). In the derivative transgenic line carrying the construct without gypsy insulators, the insulator proteins were not detected on the enhancer and promoter of the white gene. The recruitment of these proteins to the transgene only by the gypsy insulator allowed us to test interaction of the gypsy insulator with the white regulatory regions. It could be expected that the insulator proteins would be detected on the enhancer or/and promoter if these regulatory elements directly interacted with the insulator. The insulator proteins proved to bind to the insulators and the eye enhancer in the transgenic line carrying two copies of the gypsy insulator, but no binding took place after both copies were deleted. Therefore, pairing of the gypsy insulators did not preclude their interaction with the eye enhancer. When the proximal insulator alone was deleted, we still detected the insulator proteins binding to the eye enhancer ( Figure 9 ). Taken together, these results strongly suggest that one or two copies of the gypsy insulator can directly interact with the eye enhancer.
In the mod(mdg4) u1 background (Figure 9) , the E(y)2 and CP190 proteins continued to bind to the eye enhancer region, confirming the 3C results that the gypsy insulator interacts with the eye enhancer in the absence of Mod(mdg4)-67.2 protein. This finding correlates with data on the ability of the gypsy insulator to stimulate transcription in the mod(mdg4) u1 background.
Interaction of Mod(mdg4)-67.2 with Zeste may be involved in blocking of the eye enhancer
As shown previously, Zeste has binding sites in the enhancer and promoter regions of the white gene [64] , and these sites in the promoter region are essential for the insulator bypass by the eye enhancer [71] .
Using the ChIP assay, we analyzed the binding of Zeste to the eye enhancer and the promoter of the white gene in pupae from the transgenic line homozygous for the construct and compared its binding to the white promoter before and after deletion of the eye enhancer ( Figure 10A ). As expected, Zeste bound to the eye enhancer and the white promoter in the initial line, but only traces of this protein were detected on the white promoter in the derivative transgenic line with the deleted eye enhancer. Thus, Zeste was found to be recruited to the white promoter only in the presence of the eye enhancer. In agreement with this finding, inactivation of Zeste in the z v77h mutants did not affect white expression in absence of the eye enhancer ( Figure S1 ). Zeste was not detected on the white promoter in the transgenic line carrying the gypsy insulator between the eye enhancer and the promoter, in agreement with data on the blocking of the eye enhancer by one copy of the gypsy insulator in transgenic lines homozygous for the construct ( Figure 10A) .
Next, we examined the binding of Zeste to the transgenic line and its derivatives described in Figures 8 and 9 . In the presence of two gypsy insulators, the enrichment of enhancer and promoter sequences upon ChIP with anti-Zeste antibodies was considerably reduced ( Figure 10B ). However, we unexpectedly observed strong Zeste binding to the distal insulator. Similar results were obtained with two additional transgenic lines in which the white gene was flanked by the gypsy insulators ( Figure S5 ). For both transgenic lines, we observed strong enrichment of sequences related to the distal gypsy insulator upon ChIP with anti-Zeste antibodies. At the same time, binding of Zeste to the promoter and the enhancer was considerably reduced.
After deletion of the proximal gypsy insulator (Figure 10B ), the level of Zeste at the white enhancer and promoter was still low, but this protein was detected at the reference sequence near the eye enhancer. After deletion of both gypsy insulator, Zeste was again detected by ChIP on the eye enhancer and the promoter. To confirm these results, we analyzed the enrichment of the enhancer and promoter regions by ChIP with anti-Zeste antibodies in several additional transgenic lines. The enrichment of enhancer sequences was considerably reduced in all transgenic lines carrying one or two copies of the gypsy insulator near the eye enhancer ( Figures 10A, 10B, S5 ), but it returned to the reference level after the insulators were deleted. In experiments with pupae carrying the transgene with the eye enhancer flanked by two Fab-7 insulators, the enrichment of the enhancer sequences upon ChIP with anti-Zeste antibodies was even higher than in experiments with the control transgenic line carrying only the eye enhancer or the derivative transgenic line with the deleted upstream Fab-7 insulator ( Figure 10C ). Thus, proteins bound to the Fab-7 insulator did not interfere with Zeste.
The plausible explanation of these results is that the proteins bound to the gypsy insulators interacted with Zeste and partially masked the epitopes recognized by the antibodies in ChIP. As a result, Zeste was not detected at the eye enhancer and promoter but was found at the distal gypsy insulator.
To test this possibility, we examined the interaction of insulator proteins with Zeste in the yeast two-hybrid assay ( Figure 11A ). The results showed that Zeste interacted with Mod(mdg4)-67.2 but not with the Su(Hw) and CP190 proteins. It is noteworthy that both BTB and C-terminal domains of Mod(mdg4)-67.2 are essential for the interaction with Zeste. We also demonstrated co-immunoprecipitation between Zeste and Mod(mgd4)-67.2 in embryonic extracts ( Figure 11B) .
To confirm the role of Mod(mdg4)-67.2 in the interaction with Zeste, we performed ChIP experiments with pupae from two transgenic lines carrying a pair of gypsy insulators inserted on both sides of the eye enhancer in the mod(mdg4) u1 mutant background ( Figure 11C ). In both transgenic lines, partial inactivation of Mod(mdg4)-67.2 restored enrichment with the eye enhancer sequence upon ChIP with the anti-Zeste antibodies. At the same time, the mod(mdg4) u1 mutation did not affect Zeste expression in pupae ( Figure  S6 ). Taken together these results confirm the role of Mod(mdg4)-67.2-Zeste interaction in pairing of the eye enhancer with the gypsy insulator.
Finally, we used ChIP with anti-Zeste antibodies to test whether Mod(mdg4)-67.2 affected Zeste binding to the eye enhancer in transgenic lines carrying the gypsy insulator on the 39 side of the white gene. The eye enhancer in these lines was located either close to the white promoter ( Figure S7A ) or 4.6 kb upstream of it ( Figure S7B,C) . We unexpectedly observed only a relatively weak enrichment of the enhancer sequence in the presence of the gypsy insulator, but its deletion or introduction of the mod(mdg4) u1 mutation restored the normal level its enrichment in all transgenic lines. These results provide additional evidence for the direct interaction between Mod(mdg4)-67.2 and Zeste and the long-distance interaction of the insulator complex formed on gypsy sequences with the regulatory elements of the white gene.
Discussion
In this study, we have examined two Drosophila insulators in the model system containing the eye enhancer and the white reporter gene lacking the endogenous Wari insulator that improves the enhancer-blocking activity of the gypsy insulator [10] . The results show that one copy of the gypsy or Fab-7 insulator fails to disrupt communication between the eye enhancer and the white promoter in the major part of transgenic lines, with the eye enhancer blocking being effective in only 22-28% of these lines. A plausible explanation to such a position-dependent enhancer blocking activity of the insulators is that there is only a minor part of genomic sites where an endogenous insulator and a transgenic insulator can form a loop that results in isolation of the eye enhancer. Alternatively, the strength of insulation depends on the functional activity of the eye enhancer, which depends on the site of transgene insertion [71] .
We demonstrated the role of a putative chromatin loop formed by the gypsy insulators in blocking the eye enhancer. In general, two gypsy insulators flanking either the eye enhancer or the white gene effectively block the enhancer-promoter communication. However, two Fab-7 insulators fail to effectively block the eye enhancer activity, which is unlikely to be explained by their inability to form a loop around the eye enhancer. As shown previously, the interaction between the Fab-7 insulators can support long-distance enhancer-promoter communication [59] and higher-order organization of PcG targets in the nucleus [12] . Thus, the Fab-7 insulators should form a chromatin loop including the eye enhancer that fails to block the enhancer-promoter communication. Taken together, these results suggest that the chromatin loop formed by the interacting insulators is not sufficient for blocking enhancer-promoter communication coordinated by Zeste ( Figure 12A ). It appears that insulator complexes do not function as a neutral barrier and that specific interactions between insulator proteins and proteins bound either to an enhancer or to a promoter are essential for the effectiveness of blocking.
Here we have found that the proteins bound to the gypsy insulator effectively interact with the enhancer of the white gene. The gypsy insulator recruits Mod(mdg4)-67.2 that directly interacts with the Zeste protein. It appears that the BTB and C-terminal domains of Mod(mdg4)-67.2 are required for interaction with Zeste. Mod(mdg4)-67.2 can oligomerize through its BTB and second dimerization domain [51, 52] , and this can help it to effectively interfere with the activity of Zeste, which also forms oligomers. Zeste is critical for the long-distance interaction between the white promoter and the eye enhancer [64, 71] . Thus, Mod(mdg4)-67.2 may interfere with the ability of Zeste to bring together remote regulatory elements. As the inactivation of Mod(mdg4)-67.2 does not completely disrupt the enhancer blocking, it seems likely that other insulator proteins also contribute to interactions with proteins bound to the eye enhancer and, therefore, may interfere with the enhancer-promoter communication.
The results presented above provide the basis for the model that two different mechanisms are involved in blocking the eye enhancer by the gypsy insulators: (1) a chromatin loop physically interferes with the ability of the protein complexes bound to the eye enhancer and promoter to interact with each other, and (2) located in the enhancer or promoter region or downstream of the distal gypsy insulator. The transgene and the surrounding genomic region are drawn to scale. Relative interaction frequencies between DpnII restriction fragments selected for this analysis (gray vertical bands) and anchor regions (purple vertical bands) are shown for the construct (blue-square line), and its derivatives with deletion of proximal gypsy (green-circle line), proximal gypsy at the mod(mdg4) u1 background (yellow-triangle line), and both gypsy copies (red-cross line). Samples were normalized by qPCR relative to an undigested locus. Error bars show standard deviations from the means of three independent experiments. Transgene DNA is shown as blue line at the bottom of figure, and the boundaries of the transgenes are indicated by blue triangles. The white gene, eye enhancer, and gypsy insulator are represented, respectively, by yellow and green boxes and red pentagon. The lox and frt sites allowing the excision of insulators are indicated by vertical black brackets. Other designations are as in Figure 1 . doi:10.1371/journal.pgen.1003606.g008 direct interactions between insulator proteins and enhancer/ promoter proteins interfere with the ability of an enhancer to properly stimulate a promoter. In particular, Mod(mdg4)-67.2 partially blocks the activity of Zeste via a direct protein-protein interaction ( Figure 12B ). These mechanisms function cooperatively, which ensures a strong blocking of the eye enhancer by the paired gypsy insulators. It seems likely that the protein complex bound to the Fab-7 insulator does not interfere with the activity of Zeste. As a result, a loop formed by the Fab-7 insulators only weakly affects communication between the eye enhancer and the white promoter.
As in the case of the insulator-mediated chromatin loop, the pairing of the gypsy insulators located on the homologous chromosomes may physically interfere with the enhancerpromoter communication. Thus, homologous pairing might be one of possible mechanisms contributing to the enhancer blocking activity of insulators. Supposedly, such mechanism may account for dosage compensation of some X-chromosomal genes that contain insulators between enhancers and promoters. Since paring between insulators can occur only in females, which have two X chromosomes, such insulators should block enhancers more effectively in females than in males.
Previously, we have used the Flp-recombination assay [53] to demonstrate that the pairing between gypsy insulators strongly depends on their relative orientation. According to our model, the orientation-dependent effect is explained by the involvement of at least two insulator-bound proteins in specific protein-protein interactions. Here we have found that when the eye enhancer is in the center of the loop, the relative orientation of the gypsy insulators is not critical for the efficient blocking of the eye enhancer. The opposite situation is observed when the eye enhancer is in close proximity to the upstream gypsy insulator (Figure 12C,D) . In this configuration of the regulatory elements, the gypsy insulators located in the same orientation bring together the eye enhancer located within the loop and the white promoter located outside the loop. Therefore, the position of an enhancer relative to gypsy insulators within the loop appears to be critical for the functional outcome of loop formation.
The results of our study also support the model that insulators specifically interact with enhancers and promoters and potentiate their activity [72] [73] [74] . As shown previously, the endogenous Su(Hw)-binding region (1A2) placed at the 39 end of the white gene in the transgenic line can interact with the promoter and stimulate its activity [74] . Here, we have found that the gypsy insulator located on the 39 side of the white gene stimulates white expression by interacting with the enhancer ( Figure 12D ). The observed interaction between Mod(mdg4)-67.2 and Zeste is important but not critical for distant pairing of the eye enhancer and the gypsy insulator. Further study is required to identify additional transcription factors bound to the insulators, enhancers, and promoters that are involved in such interactions.
Materials and Methods

Drosophila strains, germline transformation, and genetic crosses
Flies were maintained at 25uC on standard medium. The construct, together with a P element containing defective inverted repeats (P25.7wc) that was used as a transposase source, were injected into yacw 1118 preblastoderm embryos [75] . The resulting flies were crossed with yacw 1118 flies, and the transgenic progeny were identified by their eye pigmentation under a Stemi 2000 stereomicroscope (Carl Zeiss, Germany). The transformed lines were tested for transposon integrity Figure 9 . Binding of insulator proteins to the eye enhancer, promoter, white gene and gypsy insulators in the transgenic construct. Chromatin was isolated from transgenic flies carrying the construct or its derivatives described in Figure 8 ; Cyo, P[w+, cre]/Sco; +) recombinase-expressing lines [76, 77] . The Cre recombinase induces 100% excisions in the next generation. A high level of Flp recombinase was produced by heat shock treatment (2 hours daily) during the first 3 days after hatching. All excisions were confirmed by PCR analysis.
To inactivate the Zeste protein, we used the null z v77h mutation (z v77h w 67c23 , Bloomington Stock Center #1385), which contains a 314-bp deletion including RNA leader sequences and the AUG initiation codon of zeste [65] . To inactivate Mod(mdg4)-67.2, we used the mod(mdg4) u1 and mod(mdg4) T6 mutations associated with the deletion of the C-terminal protein domain interacting with Su(Hw) [48, 68] .
Generation of transgenic lines and introduction of z v77h , mod(mdg4) mutations, su(Hw) 2 /su(Hw) v mutations, and hsp70su(Hw) construct were described previously [51, 68, 71] . To express the su(Hw) gene regulated by the hsp70 promoter, flies carrying the construct were heat-shocked for 2 h every day during the period from the second instar larva to middle pupa stages.
To estimate the levels of white expression, we visually determined the degree of pigmentation in the eyes (white) of 1-to 3-day-old males developing at 25uC, with reference to standard color scales. All flies were scored independently by two observers. On the nine-grade scale for white, red (R) eyes corresponded to the wild type and white (W) eyes to the total loss of white expression; intermediate pigmentation levels, in order of decreasing gene expression, were brownish red (BrR), brown (Br), dark orange (dOr), orange (Or), dark yellow (dY), yellow (Y) and pale yellow (pY).
Plasmid construction
The constructs were based on the CaSpeR vector [78] . The pCaSpew15(+RI) plasmid was constructed by inserting an additional EcoRI site at +3190 of the mini-white gene (white) in the pCaSpew15 plasmid. The Wari insulator located on the 39 side of the white gene was deleted from pCaSpew15(+RI) to produce plasmid pCaSpeRD700 (CD). The 777-bp white regulatory sequences containing the testis and eye enhancers from 2967 to 21745 relative to the transcription start site (E) were cloned between two frt sites (frt(E)). Insulator fragments (I) were obtained by PCR amplification. The 340-bp fragment containing the Su(Hw)-binding region (Gy) was PCR amplified from the gypsy retrotransposon. The 0.858-kb Fab-7 fragment (F7) was cloned by PCR amplification between primers 59-GATTTCAAGC TGTGTGGCGGGG-39 and 59-CGTGAGCGACCGAAAC TC-39. The products after sequencing were subcloned in pSK plasmid, or between lox (lox(I)) or frt sites (frt(I)).
(E)(I)W: The frt(E) fragment was inserted in front of the white promoter into the CD plasmid digested with XbaI ((E)W). The lox(F7) or lox(Gy) fragment was cloned in the middle of the 480-bp PvuI-PvuI fragment from lacZ cDNA digested with EcoRV. The resulting DNA fragment was inserted into the (E)W digested with BamHI. In the plasmid, the insulators were at 2695 relative to the white transcription start site.
(I)(E)I R W: The lox(F7) or lox(Gy) fragment was cloned into the (E)W plasmid digested with PstI just upstream of the eye enhancer ((I)(E)W). The second insulator fragment was cloned in the middle of 480-bp lacZ spacer (I sp ) and then was inserted into the (I)(E)W plasmid between the eye enhancer and promoter at 2345 relative to the white transcription start site. As a result, the proximal insulator was located at 585 bp from the transcription start site. E(Gy)W(Gy) and E(Gy) R W(Gy): The eye enhancer was cloned into the CD plasmid digested with XbaI (EW). The lox(Gy) fragment was cloned in two orientations in the EW plasmid between the eye enhancer and the promoter at 2482 relative to the white transcription start site. The frt(Gy) fragment was cloned into the EW plasmid digested with EcoRI in direct orientation relative to the white gene. E 4, 6 (Gy) R W(Gy): The frt(Gy) fragment was cloned in EW digested with EcoRI (EW(Gy)). The 4.6-kb BamHI-BglII fragment of the yellow gene was cloned in the EW(Gy) plasmid digested with BamHI between the eye enhancer and the promoter (E 4,6 W(Gy)). The lox(Gy) fragment was cloned in reverse orientation in the E 4,6 W plasmid digested with BglII between the eye enhancer and the promoter at 2482 relative to the white transcription start site. E(Gy) R 4,6 W(Gy): This construct was made like E 4, 6 (Gy) R W(Gy), but the lox(Gy) fragment was cloned in reverse orientation in E 4, 6 W(Gy) restricted with BamHI between the white enhancer and promoter in position 25096 relative to the white transcription start site.
(Gy)E 4,6 (Gy)W and (Gy) R E 4,6 (Gy)W: The 4.6-kb BamHI-BglII fragment of the yellow coding region was cloned in EW digested with BamHI upstream of the white promoter (E 4,6 W). The lox(Gy) fragment was cloned in both orientations into the E 4,6 W plasmid digested with PstI upstream of the eye enhancer. The frt(Gy) fragment was cloned in direct orientation in position 2462 relative to the white transcription start site (considering one frt site).
(Gy) 2,1 (E) 2,2 GyW and (Gy) R 2,1 (E) 2,2 GyW: The 4.6-kb BamHIBglII fragment of the yellow coding region was cloned in CD digested with BamHI in front of the white promoter ( 4,6 W). The lacZ gene was cloned in pBluSK; frt(E) was cloned approximately in the center of the lacZ gene digested with Eco47III ( 1,4 frt(E) 2,1 pSK). The KpnI-BamHI fragment was then cloned in the 4, 6 W plasmid digested with KpnI-BglII ( 1,8 frt(E) 2,4 W). The Gy sp fragment was inserted in the 1,4 frt(E) 2,4 W plasmid digested with SmaI in front of the white promoter ( 1,8 frt(E) 2,2 GyW). The lox(Gy) fragment was inserted into the 1, 8 frt(E) 2,2 GyW plasmid digested with XbaI in both orientations.
(Gy) 2,1 (E) 2,2 Gy 2,0 W: The construct was made like (Gy) 2,1 (E) 2,2 -GyW, but the 1460-bp EcoRI-BglII yellow fragment was inserted between proximal Gy and white promoter. As a result, the distance between the proximal gypsy insulator and white transcription start site was 2055 bp.
Chromatin immunoprecipitation
Chromatin was prepared from mid-late pupae. A 500-mg sample was ground in a mortar in liquid nitrogen and resuspended in 10 mL of buffer A (15 mM HEPES-KOH, pH 7.6; 60 mM KCl, 15 mM NaCl, 13 mM EDTA, 0.1 mM EGTA, 0.15 mM spermine, 0.5 mM spermidine, 0.5% NP-40, 0.5 mM DTT) supplemented with 0.5 mM PMSF and Complete (EDTA-free) Protease Inhibitor Cocktail V (Calbiochem, United States). The suspension was then homogenized in a Dounce homogenizer with pestle B and filtered through Nylon Cell Strainer (BD Biosciences, United States). The homogenate was transferred to 3 mL of buffer A with 10% sucrose (AS), and the nuclei were pelleted by centrifugation at 4 000 g, 4uC for 5 min. The pellet was resuspended in 5 mL of buffer A, homogenized again in a Dounce homogenizer, and transferred to 1.5 mL of buffer AS to collect the nuclei by centrifugation. The nuclear pellet was resuspended in wash buffer (15 mM HEPES-KOH, pH 7.6; 60 mM KCl, 15 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 0.1% NP-40, protease inhibitors) and cross-linked with 1% formaldehyde for 15 min at room temperature. Cross-linking was stopped by adding glycine to a final concentration of 125 mM. The nuclei were washed with three 10-mL portions of wash buffer and resuspended in 1.5 mL of nuclei lysis buffer (15 mM HEPES, pH 7.6; 140 mM NaCl, 1 mM EDTA, 0.1 mM EGTA, 1% Triton X-100, 0.5 mM DTT, 0.1% sodium deoxycholate, 0.1% SDS, protease inhibitors). The suspension was sonicated on ice with a Branson Sonifier 150 (Branson Instruments, United States) for 5620 sec at 1-min intervals. Debris was removed by centrifugation at 14000 g, 4uC for 10 min, and chromatin was pre-cleared in Protein G agarose (Pierce, Unites States) blocked with BSA and salmon sperm DNA. Aliquots of such pre-cleared chromatin were used as the input samples. These samples were incubated overnight, at 4uC, with rat antibodies against Zeste (1:100), Su(Hw) (1:500), and CP190
(1:500); rabbit antibodies against Mod(mdg4)-67.2 (1:500) and Ey2 (1:200); and nonspecific IgG purified from rat and rabbit preimmune sera. Chromatin-antibody complexes were collected using blocked protein G (for rat probes) or A (for rabbit probes) agarose at 4uC over 5 h. After several rounds of washing with lysis buffer (as such and with 500 mM NaCl), LiCl buffer (20 mM TrisHCl, pH 8; 250 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% sodium deoxycholate, protease inhibitors), and TE buffer, the DNA was eluted with elution buffer (50 mM Tris-HCl, pH 8; 1 mM EDTA, 1% SDS), the cross-links were reversed, and the precipitated DNA was extracted by the phenol-chloroform method. The enrichment of specific DNA fragments was analyzed by real-time PCR, using a StepOne Plus Thermal Cycler (Applied Biosystems, United States). Relative enrichment was calculated as a percentage of the input normalized to a control positive genomic site (region 62D for Su(Hw), Cp190, Mod(mdg4)-67.2, and EY2 [36] , and PRE from the Ubx gene for Zeste [79] . The primers used for PCR in ChIP experiments for genome fragments are shown in Table S1 .
Chromosome conformation capture assay
The 3C assay was performed as described [54] , with minimal modifications. The nuclear pellet prepared from 50-mg sample of pupae (see Chromatin Immunoprecipitation) was washed with wash buffer and resuspended in 5 mL of nucleus preparation (NP) buffer (15 mM HEPES, pH 7.6; 60 mM KCl, 15 mM NaCl, 4 mM MgCl 2 , 0.1% Triton X-100, 0.5 mM DTT, 16Complete (EDTAfree) Protease Inhibitor Cocktail V (Calbiochem, United States), and 2% formaldehyde). The suspension was incubated with slow agitation for a total cross-linking time of 30 min at 25uC. Fixation was stopped by adding 2.5 M glycine to a concentration of 0.125 M, and the sample was cooled on ice for at least 5 min and centrifuged at 2500 g, 4uC for 5 min. The pellet was washed with two portions of cold NP buffer and one portion of cold 1.256 NEBuffer 3 (62.5 mM Tris-HCl, pH 8.0; 125 mM NaCl, 12.5 mM MgCl 2 , 1.25 mM DTT) (New England Biolabs, United States) and resuspended in 300 mL of 1.256 NEBuffer 3. The suspension was supplemented with 4.5 mL of 20% SDS and incubated at the thermoshaker at 37uC and 1400 rpm for 1 h; then 34 mL of 20% Triton X-100 was added, and the sample was incubated again at 37uC and 1400 rpm for 1 h. At this stage, a 30-mL aliquot of the sample was taken to be used as the undigested control. Thereafter, 1500 units of DpnII (New England Biolabs) was added, and the sample was incubated at 37uC and 1400 rpm for 10 h and then at 65uC and 1400 rpm for 20 min to inactivate DpnII. At this stage, a 30-mL aliquot of the sample was taken to be used as the digested control. Another 170-mL aliquot was cooled, mixed with 250 mL of 1.76 ligation buffer (1.76 T4 DNA ligase buffer with 100 units/mL of T4 DNA Ligase, New England Biolabs), and incubated with slow agitation at 25uC for 5 h. At this stage, a 75-mL aliquot of the sample was taken to be used as the ligation control. Cross-links were reversed overnight at 65uC and 1400 rpm. The sample was incubated with 4 mL of 10 mg/mL RNase A at 37uC and 1400 rpm for 1 h and then with 11 mL of 20 mg/mL Proteinase K at 56uC and 1400 rpm for 4 h. The sample was extracted with 10 mM Tris-HCl (pH 8.0) saturated phenol, 10 mM Tris-HCl (pH 8.0) saturated phenol/chloroform/ isoamyl alcohol, and chloroform/isoamyl alcohol. At the each step, the mixture was centrifuged at 10 000 g and room temperature for 10 min. The extracted solution was mixed with 0.1 volume of 3 M AcNa (pH 5.2) containing 35 mg glycogen and 2 volumes of 96% ethanol and incubated overnight at 280uC. DNA was precipitated by centrifugation at 20 000 g for 90 min at 4uC. The DNA pellet was washed with 70% ethanol, air dried, and resuspended in 100 mL of 10 mM Tris-HCl (pH 7.5). Sample DNA concentrations were adjusted to 10 ng/mL with 10 mM Tris-HCl (pH 8.0). All control procedures and quantitative analyses were performed as described [80] . As a control template containing all ligation products in equal amounts, we used a BAC clone (BACR06H06, RPCI-98, Roswell Park Cancer Institute Drosophila melanogaster BAC library) covering the site of transgenic construct integration into the genome, which was mixed in equimolar amounts with plasmid DNA construct digested with DpnII (New England Biolabs) at a concentration of 10 U/mg DNA. Digested DNA was purified by phenol/ chloroform extraction and ethanol precipitation as described above, ligated with T4 DNA ligase at 25uC for 5 h, and purified again in the same way.
Primers were designed so as to flank DpnII restriction sites in the transgenic construct. TaqMan Probes were designed with 59FAM reporter dye and 39BHG1 quencher dye. To normalize for the PCR efficiency of different primer pair/probe combinations, standard curves for each combination were generated using the BAC control template. Interaction frequencies were calculated on the basis of Ct values of each sample relative to the standard curve for the given primer pair/probe combination. The primers and probes used in the study are listed in Table S1 .
All real-time PCR reactions were carried out in a StepOne Plus system (Applied Biosystems) according to the manufacturer's instructions, in four replications each. Amplification involved initial denaturation at 95uC for 15 min followed by 50 cycles of 95uC for 15 s and 60uC for 60 s. To compare interaction frequencies, the normalization procedure was performed: the amount of test ligation product was divided by the amount of reference product to give a ''relative interaction frequency.'' Loading adjustment was performed as described [81] to provide for normalization and subsequent comparison of probes from different transgenic flies.
Western blotting
A sample of 20 flies was ground with a homogenizer in extraction buffer (20 mM HEPES, pH 7.5; 100 mM KCl, 5% glycerol, 10 mM EDTA, 0.1% Triton X-100, 1 mM DTT, 0.5 mM PMSF, 20 mg/mL aprotinin, 5 mg/mL leupeptin, 5 mg/mL pepstatin A), 10 mL per fly). Debris was removed by centrifugation at 12 000 g, 4uC for 10 min, and the appropriate amount of 56SDS loading was added directly to the homogenate. The sample was boiled for 5 min, centrifuged at 12 000 g for 5 min, and loaded onto SDS-PAGE.
Antibodies
Mouse anti-lamin antibody ADL67.10 (working dilution for Western blotting, 1:1000) was from the Hybridoma Bank at the University of Iowa. Rabbit anti-Mod(mdg4)-67.2 antibody (1:5000) was a gift from A. Golovnin. Rat antibodies against aSu(Hw) (1:1000), a-CP190 (1:1000), a-Zeste (1:200), and E(y)2 (1:200) were raised in our laboratory and affinity purified. To this end, protein fragments 66 His-Su(Hw) (aa 1-150), CP190 (aa 308-1096), Zeste (aa 1-175) and EY2 were expressed in BL21 cells, affinity purified on Ni-NTA agarose (Invitrogen) according to the manufacturer's protocol, and injected into rats following the standard immunization procedure.
RNA isolation and real-time PCR
Total RNA was isolated using the TRI reagent (Molecular Research Center, United States) according to the manufacturer's instructions. RNA was treated with two units of Turbo DNase I (Ambion) for 30 min at 37uC to eliminate genomic DNA. The synthesis of cDNA was performed using 2 mg of RNA, ArrayScript reverse transcriptase (Ambion) and oligo(dT) as a primer. The amounts of specific cDNA fragments were quantified by real-time PCR. At least three independent experiments with each primer set were performed for three independent RNA samples. Relative levels of mRNA expression were calculated in the linear amplification range by calibration to a standard curve of genomic DNA to account for differences in primer efficiencies. Individual expression values were normalized with reference to rpl32 mRNA.
Preparation of the nuclear extract and immunoprecipitation
The nuclear extracts were obtained from S2 cells, and the protein complexes were immunoprecipitated from the extracts. For this purpose, 1610 8 S2 cells were washed twice in 10 mL of ice cold PBS, resuspended in 10 mL of ice cold IP-Sucrose buffer (10 mM Tris, pH 7.5; 10 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 250 mM sucrose, 0.5 mM PMSF) with Complete (EDTA-free) Protease Inhibitor Cocktail V (Calbiochem, United States), incubated on ice for 10 min, and homogenized with a Dounce loose pestle (20 strokes). The nuclei were then pelleted by centrifugation at 3000 g, 4uC for 10 min.
The pellet was resuspended in 500 mL of ice cold IP-10 buffer (10 mM Tris, pH 7.5; 10 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT;,0.1% NP-40, 10% glycerol, 0.5 mM PMSF, and Complete Protease Inhibitor Cocktail V), homogenized with a Dounce tight pestle (20 strokes), and mixed with an equal volume of IP-850 buffer (10 mM Tris, pH 7.5; 850 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1% NP-40, 10% glycerol, 0.5 mM PMSF, and Complete Protease Inhibitor Cocktail V). The suspension was incubated on ice for 10 minutes and then centrifuged at 20 000 rpm, 4uC, for 10 min. The supernatant fluid (the nuclear fraction) was collected for immunoprecipitation experiments.
Rat antibodies against a-Su(Hw) (1:200) and a-Zeste (1:100) were conjugated with Protein G agarose, and rabbit antibodies against a-Mod(mdg4)-67.2 (1:500), with Protein A agarose beads (Pierce); in respective control experiments, rat or rabbit preimmune serum was used. An aliquot of an antibody was mixed with 30 mL of agarose beads equilibrated in IP buffer with 150 mM NaCl (IP-150) and incubated on a rotator at 4uC for 3 h. The beads were then washed with IP-150, blocked with 1% BSA for 30 min under the same conditions, and washed with two portions of IP-150. The nuclear extract was adjusted to 150 mM NaCl, and its 1 ml containing approximately 1 mg of total protein was mixed with 30 mL of ''fresh'' agarose beads equilibrated in IP-150 and incubated at 4uC for 1 h for pre-clearing the sample. The beads were pelleted, and the supernatant fluid was transferred to a new tube and mixed with antibody-conjugated beads. The samples were incubated on a rotary mixer at 4uC for 3 h, and the beads were washed with three portions of IP buffer with 300 mM NaCl, one portion of IP buffer with 500 mM NaCl, and one portion of IP buffer with 150 mM NaCl. After the last washing step, the beads were resuspended in SDS-PAGE loading buffer, boiled, and analyzed by Western blotting. Proteins were detected using the SuperSignal West Fempto substrate (Pierce).
Yeast two-hybrid assay
Yeast two-hybrid assay was carried out using yeast strain pJ69-4A, with plasmids and protocols from Clontech. For growth assays, plasmids were transformed into yeast strain pJ69-4A by the lithium acetate method, as described by the manufacturer, and plated on media without tryptophan and leucine. After 2 days of growth at 30uC, the cells were plated on selective media without tryptophan, leucine, histidine and adenine, and their growth was compared after 2-3 days. Liquid culture b-galactosidase assay was performed according to the yeast protocols handbook (Clontech). Each assay was repeated twice. Figure S1 Testing role of Zeste in activity of eye enhancer. Role of the z v77h mutation in expression of white in transgenic lines and their derivatives carrying (A) lox-flanked gypsy insulator and the frtflanked eye enhancer or (B) lox-flanked Fab-7 insulator and the frtflanked eye enhancer. In the reductive scheme of the transgenic construct used in the assay, the white gene is shown as white box with an arrow indicating the direction of transcription; the triangle indicates deletion of the Wari insulator located at the 39 end of the white gene; downward arrows indicate target sites for Flp recombinase (frt) or Cre recombinase (lox); the same sites in construct names are denoted by parentheses; the eye enhancer (E) is shown as white rectangle; the direction of the gypsy insulator (Gy) is indicated by the apex of the pentagon; the F7 insulator (F7) is indicated by black rectangle. The numbers of transgenic lines with different levels of white pigmentation in the eyes are indicated.
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Arrows indicate the excision of an element to produce the derivative transgenic lines. Wild-type white expression determined the bright red eye color (R); in the absence of white expression, the eyes were white (W). Intermediate levels of pigmentation, with the eye color ranging from pale yellow (pY), through yellow (Y), dark yellow (dY), orange (Or), dark orange (dOr), and brown (Br) to brownish red (BrR), reflect the increasing levels of white expression. N is the number of lines in which flies acquired a new eye color phenotype by deletion (D) of the specified DNA fragment; T is the total number of lines examined for each particular construct. z v77h , a null-mutation of the zeste gene. 1118 line and three transgenic lines carrying hsp70-su(Hw) transgene, numbered 1, 2, and 3. Extracts from individual middle pupae were loaded onto each lane and probed with C-terminal specific anti-Su(Hw) antibodies. Anti-dCTCF antibody was used as control. Heat shock (hs) treatment of pupae was performed for 2 hours. (B) Structural scheme of the ct 6 allele: the bent arrow indicates the start site and direction of cut gene transcription, the gray rectangle is the wing margin enhancer (En-wm), and the triangle shows the insertion of gypsy with flanking LTRs (small black rectangles) and the insulator (hatched rectangle). Effects of the mod(mdg4) u1 mutation and the combination of mod(mdg4) u1 with hsp70su(Hw) on the cut wing phenotype in flies with the ct 6 allele are shown. (TIF) Figure S3 The role of Su(Hw) and Mod(mdg4)-67.2 in the eye enhancer blocking by the gypsy insulator. To induce Su(Hw) overexpression (+ hsp70su(Hw)), transgenic flies carrying the hsp70su(Hw) construct were treated by heat shock as described in Material and Methods. Designation ''mod/mod'' refers to transgenic lines homozygous for the mod(mdg4) u1 or mod(mdg4)
T6
mutation. An asterisk indicates variegated eye pigmentation.
Other designations are as in Figure S1 and S2.
(TIF) Figure S4 Role of the gypsy insulator located on the 39 side of the white gene and Mod(mdg4)-67.2 in stimulation of white expression. The derivatives carrying one copy of the gypsy insulator from the 39 side of the white gene were tested. The original and derivatives transgenic lines are described in Figure 6 . In (A) the enhancer is located near the white gene. In (B) and (C) the enhancer is located at the 4.6 kb distance from the promoter. Designations are as in Figure S1 and S3.
(TIF) Figure S5 The results of ChIP of specified chromatin regions with antibodies to Zeste in two transgenic lines carrying constructs with two copies of the gypsy insulators. Designations: Ee (the eye enhancer), Pw (promoter), W (coding region of the white gene) and Gd (distal gypsy insulator). The rpl32 and tubulin (tub) coding regions were used as controls devoid of Zeste binding sites. Other designations are as in Figure S1 . (mdg4) u1 (m/m) mutant backgrounds. Phenotypes of these derivative lines are described in Figure S4A. (B) The results of ChIP with antibodies to Zeste in derivatives of the transgenic line described in Figure 8 in the wildtype and the mod(mdg4) u1 backgrounds. Phenotypes corresponding for these lines are described in Figure S4B . (C) The results of ChIP with antibodies to Zeste in derivatives of two transgenic line carrying the eye enhancer at 4.6 kb from the white promoter in the wild-type and the mod(mdg4) u1 backgrounds. Phenotypes corresponding to these lines are described in Figure S4C . Other designations are as in Figures S4 and S5 .
(TIF) 
